Structure of A = 7 iso-triplet A hypernuclei studied with the four-body cluster model 
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The structure of the T = 1 iso-triplet hypernuclei, ^He, \Li and ^Be within the framework of an 
a + A + N + N four-body cluster model is studied. Interactions between the constituent subunits 
are determined so as to reproduce reasonably well the observed low-energy properties of the aN, 
qA, aNN and aAN subsystems. Furthermore, the two-body AN interaction is adjusted so as to 
reproduce the + -l + splitting of ^H. Also a phenomenological AN charge symmetry breaking(CSB) 
interaction is introduced. The A binding energy of the ground state in ^He is predicted to be 
5.16(5.36) MeV with(without) the CSB interaction. The calculated energy splittings of the 3/2 + - 
5/2 + states in ^He and ^Li are around 0.1 MeV. We point out that there is a three-layer structure 
of the matter distribution, a particle, A skin, proton or neutron halo, in the ^He(J = 5/2 + ), 
XLi(J = 5/2+) and 7 A Be(J = 1/2+) states. 
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I. INTRODUCTION 

A new stage in hypernuclear physics has been opened 
by the 7-ray spectroscopy for A hypernuclei, where level 
structures of the order of keV are revealed systematically. 
In order to extract valuable information on hypernuclear 
structure and underlying AN interactions from these ex- 
tremely precise data; it is therefore indispensable to uti- 
lize accurate models for the many-body wave functions. 

Our special concern in this work is the structure of 
a multiplct of A hypernuclei specified by an isospin T, 
which have provided us with many interesting subjects 
so far. For example, in the case of the T = 1 multiplet 
with mass number A = 7, ^He, 7 A Li and ^Be, their core 
nuclei are neutron or proton halo nuclei. When a A parti- 
cle is added to the core nuclei, 6 He, 6 Li(T = 1) and 6 Be, 
the resultant hypernuclear systems become more stable 
against neutron or proton emission. Hereafter, T = 1 ex- 
cited states of 6 Li and ^Li are denoted as 6 Li* and pji*. 
This stabilization is caused by the so-called "gluelike" 
role of the A [l| . Thanks to the role of A particle, we can 
expect an interesting possibility that neutron (proton) 
drip lines in A hypernuclei are extended far away from 
those in ordinary nuclear systems. 

In the past, the level structures in ^He, ^Li (T = 1) 
and ^Be were studied with the three-body ^He+iV + N 
model [2j , where only the even-state AN interaction was 
used. In Ref. [2|, we pointed out that there appear halo 
or skin structures in the ground state or some excited 
states of these hypernuclei. Recently, the experimen- 
tal energy of the T = 1 J = 1/2+ state of ^Li has 
been observed through the high-resolution 7-ray exper- 
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iment Furthermore, it is proposed to produce j\He 
by (e, e'K + ) at JLAB. One aim in the present work is to 
discuss halo or skin structure in the extended framework 
of &n a + A + N + N four-body model. 

Another interesting subject to discuss the spin-doublet 
state, 5/2+-3/2+ in ^He and ^Li (T = 1). It is consid- 
ered that these excited 5/2 + -3/2+ doublets are related 
intimately to the spin-dependent potentials of the AN 
interaction. Therefore, it is important to discuss these 
splitting energies to determine the spin-dependent parts 
of the AN interaction. 

In our previous work Q , the spin-doublet structures of 
states and the underlying spin-dependent 
interactions were investigated successfully in the apnA 
four-body cluster model. Here, the ap and an interac- 
tions were chosen so as to reproduce the corresponding 
phase shifts, and the Aa interaction was done so as to 
reproduce the experimental value of B\Qjie), and the 
AA^ spin-spin (spin-orbit) interaction was fitted so as to 
be consistent with the + -l + (5/2 + -3/2 + ), spin-doublet 
energy separation in ^H (^Be). In the present work, our 
four-body analyses for ^Li (T = 0) is extended straight- 
forwardly to the T = 1 multiplet (I He, ^Li* , ^Be), where 
an asterisk stands for the T = 1 excited states. 

An important subject related to the isospin multiplet 
of A hypernuclei is the charge symmetry breaking (CSB) 
components in AN interactions. The most reliable evi- 
dence for the CSB interaction appears in the A binding 
energies B A of the A = 4 members with T = 1/2 (^He 
and %H)- Then, the CSB effects are attributed to the dif- 
ferences Ac sb — -BA(iHe) — B\(\H), the experimental 
values of which are 0.35 ± 0.06 MeV and 0.24 ±0.06 MeV 
for the ground (0 + ) and excited (1 + ) states, respectively. 
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There exist mirror hypernuclei in the p-shell region such 
as the T — 1 multiplet with A = 7 ( A He, 7 A Li* , 7 A Be), 
T =1/2 multiplet with A = 8 ( A Li, A Be), T — 1/2 mul- 
tiplet with A = 10 (\°Be, \°B), and so on. Historically, 
some authors mentioned CSB effects in these p-shell A 
hypernuclei @|. However, there is no microscopic cal- 
culation of these hypernuclei taking account of the CSB 
interaction. 

It is well known that the experimental values Aqsb 
can be fitted phenomenologically by an effective spin- 
independent CSB interaction. On the other hand, in the 
case of a meson-theoretical model an OPE-type CSB po- 
tential is derived through a A — E° mixing effect, where 
the triplet CSB interaction is much stronger than the 
singlet one due to the tensor-force contribution. This 
feature is in strong disagreement with that in the phe- 
nomenological force which is almost spin- independent. 
This difference between triplet and singlet CSB interac- 
tions appears in the elaborate four-body calculations for 
^He and A H with use of the Nijmegen soft core model 
(NSC97e model) 0, in which the CSB components are 
generated by the mass difference within the S-multiplet 
mixed in A states and the A — E° mixing effect. 

Because the origin of the CSB interaction is not yet set- 
tled, we treat it phenomenologically in the present study: 
Similarly to Ref. [|[ , the CSB interaction is determined so 
as to reproduce the values of Aqsb obtained from the A 
binding energies of ^H and ^He. Then, the T = 1 triplet 
hypernuclei with A = 7 ( A He, ^Li*, A Be) are studied 
with use of this CSB interaction in the four-body clus- 
ter model. Additionally, the CSB effects in the T = 1 /2 
doublet hypernuclei with A = 8 are investigated within 
the atA and a 3 HeA cluster models for A Be and A Li, re- 
spectively. 

In this work, we study A = 7 hypernuclei within the 
framework of an a + A + N + N four-body model so 
as to take account of the full correlations among all the 
constituent baryons. Two-body interactions among con- 
stituent particles are chosen so as to reproduce all the ex- 
isting binding energies of the sub-systems (aN, aAN, aA, 
and so on). This feature is important in the analysis of 
the energy levels of these hypernuclei. Our analysis is 
performed systematically for ground and excited states 
of aANN systems with no more adjustable parameters 
in this stage, so that these predictions offer important 
guidance for the interpretation of the upcoming hyper- 
nucleus experiments such as the 7 Li(e,e'if + ) ^He reac- 
tion at Thomas Jefferson National Accelerator Facility 
(JLAB). 

In Sec. II, the microscopic aANN and NNNA four- 
body calculation method is described. In Sec. Ill, the 
interactions are explained. The calculated results and 
the discussion are presented in Sec. IV. Sec. V is devoted 
to the discussion on the charge symmetry breaking effects 
obtained for the A=7 and 8 systems. The summary is 
given in Sec. VI. 



II. FOUR-BODY CLUSTER MODEL AND 
METHOD 

The models employed in this paper are the same as 
those in our previous work Namely, we employ the 
a + A + N + N model for the A = 7 hypernuclei (Fig.l) 
and the a + N + N model for the A — 6 nuclei (Fig. 3 in 
Ref.Q), where all the rearrangement channels are taken 
into account. The Schrodinger equation is given by 




C=1 C=2 C=3 




FIG. 1: Jacobi coordinates for all the rearrangement channels 
(c = 1 ~ 9) of the a + A + Ni + N 2 four-body system. Two 
micleons are to be antisymmetrized. 

{H-E)Vj M ,tt z (IZ) = 0, (2-1) 

2 

H = T +V NlN2 +J2(V ANi +V aNi ) +V aA +F Pau ii, (2.2) 

where V aA [ i is the interaction between the a particle and 
i-th nucleon and V a \ is the aA interaction, which are 
explained in the next section. The Pauli principle be- 
tween the a particle and the two nucleons is taken into 
account by the Pauli projection operator Vp a uii 7 which is 
the same as in Ref.Jjj. The total wave function is de- 
scribed as a sum of amplitudes of all the rearrangement 
channels shown in Fig. [1] in the LS coupling scheme: 

* jm,tt z (aZ) 

9 

= Y1 12 1212 C nlNL,uXJK,sS 
c=l nl,NL,v\ IK sS 

xA{[[[^(r c )^ L (R c )] I ^ x \p c )] K 

x[[ X i(^i)xi(^2)],Xi(A)] J 

x [771(^1)^1(^2)]^} , (2.3) 
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where the notations are the same as in Ref. [4(. Also, 
the definitions of the Gaussian basis functions and the 
Gaussian ranges are the same as those in the case of the 
A = 4 hypcrnuclei. 

The eigenenergy E in Eq. (|2.2[) and the C coefficients in 
Eq. (|2.3[) are determined by the Rayleigh-Ritz variational 
method. The angular momentum space of I, L, X < 2 was 
found to be sufficient to obtain good convergence of the 
calculated results as described below. 



and listed in Table 1(a). 

The calculated energies of the + states in 6 He and 
6 Li* are —0.59 MeV and unbound with the respect to 
the a + N + N three-body breakup threshold, which are 
less bound than the observed values, —0.98 MeV in 6 He 
and —0.14 MeV in 6 Li. Considering that it is of vital 
importance in our cluster model to reproduce accurately 
the binging energy of all subcluster systems, we introduce 
an effective three-body aNN interaction phenomenolog- 
ically, the form of which is assumed as 



III. INTERACTIONS 
A. Charge symmetry parts 

We recapitulate here the charge symmetric parts of the 
VNa, Vnn, V a \, and Van interactions employed in our 
aNN A systems Q. 

For Vjv a , we employ the effective potential proposed in 
Ref. , which is designed so as to reproduce well the low- 
lying states and low-energy scattering phase shifts of the 
an system. The Pauli principle between nuclcons belong- 
ing to the a and the valence nucleon is taken into account 
by the orthogonality condition model fOC M) flOl] . As for 
the NN interaction Vnn, we use the AV8 [ll| potential, 
derived from the AV18 [12| by neglecting the (L-S) term. 

The interaction V a \ is obtained by folding the AN 
G-matrix interaction derived from the Nijmegen model 
F(NF) [HI into the density of the a cluster [3], its 
strength being adjusted so as to reproduce the experi- 
mental value of B\(jjie). 

For Van, we employ effective single- channel interac- 
tions simulating the basic features of the Nijmegen model 
NSC97f [H, where the AN-ZN coupling effects are 
renormalized into AN — AN parts: We use three-range 
Gaussian potentials so as to reproduce the AN scatter- 
ing phase shifts calculated from the NSC97f, and then 
their second-range strengths in 3 E and X E states are ad- 
justed so that calculated energies of + -l + doublet state 
in the NNN A four-body calculation reproduce the ob- 
served splittings of \H. Furthermore, the spin-spin parts 
in the odd states are tuned to get the experimental values 
of the splitting energies of A Li. The symmetric LS (SLS) 
and anti-symmetric LS (ALS) parts in Van are chosen 
so as to be consistent with the ^Be data as follows: The 
SLS and ALS parts derived from NSC97f with the G- 
matrix procedure are represented in the two-range form, 
and then the ALS part is strengthened so as to repro- 
duce the measured 5/2 + -3/2 + splitting energy with the 
2a + A cluster model [l6[. The parameters in the AN 
interactions are given in 
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where r\ and r-i are Jacobian coordinates for C = 1 and 
2 in Fig. 3 of Ref. 0. 

This interaction includes four parameters (/?*, Vi), 
which cannot be determined completely by the two bind- 
ing energies of 6 He and 6 Li* only. Then, the condition 
to reproduce the experimental value of j^Li* is found to 
give a strong constraint for the parameters. The deter- 
mined values of parameters are [j3 l ,v\)= (0.444 fm -2 , 
244.8 MeV), (/? 2 , v 2 )=(0.128f m - 2 , -20.4 MeV). 



B. Charge symmetry breaking interaction 

It is out of our scope in this work to explore the ori- 
gin of the CSB interaction. We assume here the CSB 
interaction with an one-range Gaussian form 
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which includes spin-independent and spin-spin parts. In 
the cases of the four-body calculations of (nnpA) and 
^He (nppA), the contributions of the odd-state interac- 
tions are negligibly small and their strengths cannot be 
determined: We take w ° dd > CSB = o, and Va A A a' A f B = 0. 
The range parameter, (3 cvcn is taken to be 1.0 fm -2 . The 
parameters i>Q Ven and v^ n are determined phenomeno- 
logically so as to reproduce the values of Acsb derived 
from the A binding energies of + and 1 + states in the 
four-body calculation of (^He). Then, we obtain 
V c vcn - CSB = 8.0 MeV and <™ n ' CSB =0.7 MeV. The cal- 
culated Ba of + and 1 + states in are 1.99 MeV and 
0.98 MeV, respectively. Those in ^He are 2.35 MeV and 
1.17 MeV, respectively. In these calculations including 
the CSB interactions, the parameters in the CS parts are 
slightly modified from those in Table la for fine fitting of 
the experimental Ba values. In Table 1(a), the modified 
values of parameters are given in the parentheses. 

In order to extract the information about the odd-state 
part of CSB, it is necessary to study iso-multiplet hyper- 
nuclei in the p-shell region. A suitable system for such 
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a study is \He, in which the core nucleus 6 He is in a 
bound state. (On the contrary, valence protons in 6 Be 
are unbound.) Our four-body calculation for this system 
has to be powerful to extract the accurate information. 
Though there is no data about ]\He at present, the com- 
ing experiments at JLAB will give us valuable data for 
our analyses. 

Another example in the p-shell region is iso-doublet 
hypernuclei A Li and A Be, whose experimental values of 
-Ba are obtained in emulsion. Then, it is interesting to see 
the contribution of the CSB interaction to the Ba values 
of these hypernuclei. For applications to these nuclei, we 
used A-t and A- 3 He potential for CS part defined by 



TABLE I: (a)Parameters of the AN interaction without CSB 
interaction defined in Eq. (|3,2[l . Range parameters are in fm -2 
and the strengths are in MeV. The numbers in parentheses are 
even-state strengths adjusted so as to reproduce the observed 
spin doublet state both in and A He with CSB interaction, 
(b) Parameters of the f( 3 He)A interaction without CSB inter- 
action defined in Eq. (|3.5p . The numbers in parentheses are 
adjusted even-state strengths so as to reproduce the observed 
spin doublet state both in A H and A He with CSB interaction 
within the framework of i( 3 He)A two-body model. 
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where x denotes t or 3 He. The parameters are listed in 
Table 1(b). The CSB part for A-t and A- 3 He is given by 

V£f B (r,r') = 
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(b) t( 3 Re)A interaction 
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The parameters for even-state are adjusted so as to re- 
produce the data within the A-t and A- 3 He cluster mod- 
els for iH and \He, respectively. The parameters are 



, 0.38 MeV, ^ cvcn < CSB 

£yeven,CSB 

= 0.203 fm" 2 and <L 



0.03 MeV, n t 
0.08 MeV, [/° vcn ' CSB = 



0.006 

0.679fm~ 2 for A Li, 



t^c veil, CSB 
V - 

0.06 fm" 2 , 

MeV, 7 ven 

and the same value with the opposite sign for A Be. As 
explained later, also the odd-state CSB interaction is in- 
troduced phcnomcnologically so as to reproduce the B\ 
values of A Li and A^e. The determined parameters are 

odd, CSB nnon,r 11 T /odd,CSB 



-0.12 MeV, Ho. 



dd 



F ura ^ D = -0.93 MeV, V S UL 
0.223 fm- 2 , ;/ odd ' CSB = -0.14 MeV, f/° dd ' CSB = -0.095 

= 0.254fm- 2 for A Li 



MeV, 7 odd = 0.203 fm" 2 and <5 odd 
and the same value with the opposite sigh for A.Be. It 
is notable here that the odd-state CSB is of far longer 
range than the even-state one. 



IV. RESULTS 

First, let us show the level structures of the T = 1 
states calculated with the a + A + N+N four-body model 



using the same AA^ interaction in Ref.0]. We calculated 
the bound states in those A hypernuclei. 

In Fig.2 to Fig.4 and TableED we show the level struc- 
tures of A=7 hypernuclei calculated without the CSB in- 
teraction. In each figure, hypernuclear levels are shown 
in four columns in order to show separately the effects of 
even- and odd-state A — N interactions and also the SLS 
and ALS interactions. Even if the CSB interactions are 
switched on, their small contributions do not alter the 
features of these figures. At first glance, the obtained A 
states become less bound by 1 MeV in the order of \ilc, 
A Li* and ^Be, because the repulsive Coulomb-force con- 
tributions increase in this order. In these figures, the cal- 
culated energy spectra of low-lying states of core nuclei, 
6 He, 6 Li* and 6 Be are also drawn in order to demonstrate 
the A-binding effects. Here, 6 He and 6 Li* are nucleon- 
bound states, and the Na and NNa interactions are 
adjusted so as to reproduce the observed energy spectra. 
On the other hand, 6 Be is an nuclear-unbound system. 
In order to extract the Ba value in A Bc, it is needed to 
subtract the total energy of the lowest 6 Be resonant state 
from the calculated ground-state energy of A.Be. The en- 
ergy positions of resonant states are determined by the 
real scaling method The obtained lowest state in 
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FIG. 2: (color online). Calculated energy levels of 6 He and JvHe. The charge symmetry breaking potential is not included in 
7 A Ue. The level energies are measured from the particle breakup threshold. 



6 Be is a + broad resonance, whose energy is 0.79 MeV. 
Thus, the experimental resonant energy 1.37 MeV cannot 
be reproduced, when the aN, NN and aNN interactions 
are adopted so as to reproduce the bound-state energies 
of 6 He and 6 Li*. 

It is particularly interesting to see the gluelike role of 
the A particle in A = 7 hypernuclear systems. Though 
the ground state of 6 Be is unbound, the A participation 
leads to a bound state below the lowest A Re+p+p thresh- 
old, the binding energy of which is about 1.3 MeV. The 
ground states of the core nuclei 6 He and 6 Li* are weakly 
bound by 1.02 and 0.12 MeV below the a + N+N thresh- 
old. Owing to an additional A particle, those of ^He 
and A^i* become rather deeply bound by about 2^3 
MeV below the respective lowest thresholds. It should be 
noted, here, that the calculated values of B A of ^Li* and 
^Be are in good agreement with the experimental values, 
as shown in Table HT1 The 5/2 + and 3/2 + excited states in 
^Li* are predicted to be in weakly bound states with the 
respect to the A He+p threshold. On the other hand, the 



corresponding states in ^He are in deeper bound states 
by about 1.3 MeV with respect to the |He+n threshold. 
This difference is because the ap Coulomb repulsion in 
the former is not active in the latter. 

In the past calculation Q , the uppermost bound states 
in ^He, ^Li* and ^Be were 5/2+, 3/2+ and 1/2+ states, 
respectively. These states are very weakly bound struc- 
tures, and exhibit halo or skin structures having long 
tails in density distributions of valence nuclcons. In com- 
parison with these calculations, performed in the limited 
three-body model space (^He + N + N), all states in 
A = 7 systems become deeper bound in the present four- 
body model. This tendency is reasonable because in the 
present calculations the excitation effects of a A particle 
are fully taken into account in the treatment with use of 
the AN effective interactions chosen consistently with the 
four-body model space. It is instructive to compare the 
tail behavior of the density distributions of valence nucle- 
ons in the four-body model with those in the three-body 
model. We derive here the nucleon density distributions 
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FIG. 3: (color online). Calculated energy levels of 6 Li* and ^Li*. The charge symmetry breaking potential is not included in 
a Li*- The level energies are measured from the particle breakup threshold. 



of 5/2 + states in A He and A Li and that of 1/2+ state in 
A Be using the two models. 

In Table HH we list the calculated values of the rms 
radii between a and N (f Q _jv) and those between a and 
A (fa-A) m our four-body models of A He, A Li* and A Be. 
As shown here, the values of r a - n in these systems are 
larger than those of r Q _ A , indicating that the distribu- 
tions of valence nucleons are of longer-ranged tail than 
those of A's in the respective systems. However, all r.m.s 
radii in the four-body models are shorter than those in 
the three-body models Q, that is the four-body binding 
energies in the present model are larger than the three- 
body ones in the previous model. This means that the 
distributions of nucleons and A around a obtained in the 
four-body models are more compact than those in the 
three-body models. 

In order to see the structures of these systems visually, 
in Fig. 5 we draw the density distributions of A (dashed 



curve) and valence neutrons (solid curve) of the 5/2 + 
states in A He and A Li* and of the l/2 + state in A Be. For 
comparison, here, also a single-nucleon density in the a 
core is shown by the dotted curve. In each case, the 
density distribution of the A has a shorter-ranged tail 
than that of the two valence nucleons, but is extended 
significantly far away from the a core. This structure can 
be nicely imaged as three layers of matter distribution 
composed of an a core, a A skin and a neutron (proton) 
halo. Here, the proton-density distribution in the 5/2+ 
state of A Li* has a particularly longer tail than those 
in the others due to the very weak binding of the halo 
proton from the lowest A He+p threshold. 

It is considered that the 3/2+-5/2 + spin-doublet states 
in A He and A Li* give valuable information about the un- 
derlying spin-dependence of the AN interaction. Let us 
investigate these states straightforwardly with use of the 
AN interaction determined in the analysis for the T = 
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FIG. 5: Calculated density distribution of a, A and a valence nucleons for (a) A He, (b) A Li* and (c) A Be without charge symmetry 
breaking potential. 



spin-doublet states in A Li. The results for A He and ^Li* 
are displayed in Fig. 2 and Fig. 3, respectively. Because 
their features are not different from each other, here we 
pick up the former case. 

Then, let us remark how the energies of the 3/2 + -5/2 + 
spin-doublet states are changed by adding the compo- 



nents of A./V interaction successively. We see that the 
resultant energy splitting of 5/2+-3/2+ states in A He is 
given as about 0.1 MeV, being the combined contribu- 
tions from the spin-spin, SLS and ALS interactions as 
explained below. We can see the same tendency in A Li* 
in Fig.3. 
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It should be noted here that the splitting energies of 
the T = 1 3/2 + -5/2 + states are much smaller than those 
of the T = 1/2+-3/2+ and 5/2+-7/2+ doublet states in 
A Li given in Ref. ■ To understand the reason for the dif- 
ference between the T = 1 and T = doublet splittings, 
first we remark that the spin-isospin structure of NNA 
system on the a core is [(NN) s tt^Ms (cf.Eq.(2.3)). In 
the case of T = 1 states, the corresponding nn pair is 
in spin-singlet states (s = 0, spin antiparallel) , while 
in A Li (T = 0) the np pair outside the a core is in a 
spin-triplet state (s = 1, spin-parallel). In general the 
numbers of A7V triplet and singlet bonds are different 
between the J> and J< partner states. Thus difference 
in spin- value of (NN) s= i or o leads to the different contri- 
butions of the AN spin-spin interactions to the doublet 
splittings. Let us see in more detail how the AN spin- 



spin interactions contribute to the 3/2 + -5/2 + splitting in 
A He(T = 1). Both doublet states are composed of the 
L = 2 (nn) s= o,T=i pair in the spin-singlet state coupled 
to the s-state A. As mentioned above, the situation is no- 
tably different from that of the 5/2 + -7/2 + doublet in A Li 
(T = 0) which is based on the [L = 2 (pn) s =i,T=o\ j=3+ 
core state and therefore the J> =7/2+ partner is charac- 
terized by the spin-stretched configuration. In contrast 
to the T = case, both of the J< = 3/2 + state and the 
J> = 5/2+ state in A He (T = 1) include AN spin-singlet 
and spin-triplet states. However, we find that the con- 
tribution of the AN spin-singlet state is negligbly small 
in the J> = 5/2+ state. As a result the even-state spin- 
spin part of the AN interaction gives rise to the splitting 
energy of about 0.31 MeV (See "even" column.). In ad- 
dition, when the odd-state interaction is switched on, the 
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TABLE II: Calculated energies of the low-lying states of 
(a) ^He, (b) A Li*, and (c) A Be without the charge symmetry 
breaking potential, together with those of the corresponding 
states of 6 He, 6 Li*, and 6 Be, respectively. E stands for the 
total interaction energy among constituent particles. The en- 
ergies in the parentheses are measured from the corresponding 
lowest particle-decay thresholds A He + N for A He and A Li* 
and A He+p + p for A Be. The calculated r.m.s. distances, 
Foc-n, r a -A are also listed for the bound state. 



(a) 



6 He(«nn) 
0+ 2^ 



A He(«rmA) 
1/2+ 3/2+ 5/2 H 



E (MeV) 
£ cxp (MeV) 

B A (MeV) 
B A xp (MeV) 
f a _„(fm) 

fa-A(fm) 



.r 



-1.02 0.82 
-0.98 0.83 



4.27 

6 Li(anp) 
0+ 2+ 



(b) 



-6.39 -4.73 -4.65 

(-3.10) (-1.44) (-1.34) 

5.36 3.70 3.62 

3.66 3.80 3.83 

2.81 2.79 2.78 

A Li(anpA) 

1/2+ 3/2+ 5/2+ 



E (MeV) 
£ cxp (MeV) 

B A (MeV) 
B A xp (MeV) 
f a _jv(fm) 
f Q _ A (fm) 



-0.12 1.77 
-0.14 1.67 



4.73 



6 Be(a ? 
0+ 



-5.40 -3.75 -3.66 

(-2.11) (-0.46) (-0.37) 
5.28 3.63 3.54 
5.26 

3.74 3.92 3.96 
2.82 2.80 2.80 



(c) 



A Be (appA) 
1/2+ 3/2+ 5/2+ 



E (MeV) 
£ cxp (MeV) 



0.79 

1.54 2.93 



_B A (MeV) 

(MeV) 
f a -p(fm) 
f Q _ A (fm) 



R cxp 



-4.42 

(-1.30) 
5.21 
5.16 
3.84 
2.83 



energy splitting is reduced to be about 0.13 (See "+odd" 
column.) MeV. The major reason for this reduction is 



because is more repulsive than , and there- 

fore the 3/2 + state including AN spin-singlet component 
is pushed up more than the 5/2 + state. 

Moreover, we continue to add SLS and ALS contribu- 
tions to the 3/2 + and 5/2+ doublet states. As shown 
in Fig. 2, the SLS works attractively for the 5/2+ state, 
because the contribution of the AA~ spin-triplet state is 
dominated in this state. On the other hand, the ALS 
works significantly in the 3/2 + state, because the ALS 
acts between spin=0 and 1 AN states. However, the 



ALS does not efficiently work in the 5/2 + state, because 
the spin-singlet component is small in this state. As a 
result, the energy splitting of 5/2+-3/2+ states includ- 
ing both spin-spin and spin-orbit terms in A He leads to 
0.08 MeV. We can see the same tendency in A Li* and 
the resultant splitting is 0.09 MeV as shown in Fig. 3. If 
the experimental energy resolution becomes good enough 
to discuss the present splitting energy, we would have a 
chance of getting information about the spin-dependent 
parts of the AN interaction. 

There still remain certain effects of the AA~ tensor in- 
teraction on the doublet splittings. In this paper for 
the T = 1 isotriplet states (A — 7), however, we ap- 
ply the prescription adopted in the analysis of the T = 
A Li states Q and therefore we do not include the tensor 
component. Here we note that the AA^ — AN tensor con- 
tribution is small compared to the spin-spin interaction, 
however another tensor effect comes from the AA?" — EiV 
coupling. In fact, accounting for E — A coupling by modi- 
fying the AA^ interaction alters its effect on doublet split- 
ting, and hence introduces an uncertainty in the calcula- 
tion. According to the E-mixing studied within the shell 
model 19], the energy shifts amount to several tens of 
keV in some of the T = states of A Li. The cluster 
model estimates for such effect will be discussed in the 
next stage. 



V. CHARGE SYMMETRY BREAKING 
EFFECTS 

A. CSB effects in A = 7 four-body models 

Let's focus on the ground states in A He and A Be and 
the T = 1 1 /2+ state in A Li, which are the members of 
the iso-triplet. The CSB effect has to be reflected also in 
their binding energies in the same way as in the T = 1/2 
iso-doublet members A H and A He. 

As explained in sec lIII Efl we introduce the phenomeno- 
logical CSB potential with the central-force component 
only. The CS part of the two-body AA^ interaction is 
fixed to reproduce the averaged energy spectra of ^H 
and A He, and then the CSB part is adjusted so as to re- 
produce simultaneously the energy levels of these hyper- 
nuclei. The spin-spin part of the CSB can be determined 
by performing this adjusting procedures both for the + 
and 1 + states. 

First, in Fig. 6, we show the energy spectra of A = 7 
hypernuclei without the CSB interaction. The ground- 
state energy of A He is —6.39 MeV with the respect to the 
a + n+n + A four-body breakup threshold. With increase 
of the proton numbers, the Coulomb repulsion becomes 
more and more effective as going from A Li* to A Be. Re- 
cently in KEK-E419 experiment [U, they produced the 
T = 1 1/2+ state of A Li. The observed value of B A =5.26 
MeV is in good agreement with our calculated value 5.28 
MeV. In the case of A Be, there are the old emulsion data 
giving £> A =5.16 MeV. This value should be compared 
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with our obtained value 5.21 McV. Then, the B\ value 
in the ground l/2 + state of A He is predicted to be 5.36 
MeV without taking the CSB effect into account. 

Next, let's consider the CSB effects in A = 7 iso-triplct 
hypernuclei. In Fig. 7, we show the energy spectra of 
those hypernuclei calculated with the CSB interaction 
switched on. In the ^Li case, the CSB interaction brings 
about almost no contribution to the A binding energies, 
because there is one proton and one neutron outside the 
a core and the An and Ap CSB interactions cancel with 
each other. On the other hand, the CSB interaction 
works repulsively (+0.20 MeV) and attractively (—0.20 
MeV) in the A He and ^Be cases, respectively. There- 
fore, our result indicates that if the experimental energy 
resolution is as good enough as less than 0.2 MeV, the 



CSB effect could be observed in these cases. It should 
be noted here that only the even-state part of our CSB 
interaction is taken into account in consistent with the 
observed binding energies of A H and A He. 

In the A Be case, the A energy becomes more bound by 
0.2 MeV due to the attractive CBS interaction between 
the A and two protons, that is B\ = 5.44 MeV. The ex- 
perimental £>a value is found to be reproduced without 
the CSB effect and the inclusion of the CSB contribution 
goes unfavorably. In order to reproduce the binding en- 
ergy of A Be, the CSB interaction seems to be vanishing 
or even of opposite sign from that in the A = 4 system. 
There still remains a problem in our treatment for the 
A Be system: The calculated value 0.79 MeV of the low- 
est resonance energy of the 6 Bc is not in agreement with 
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the experimental value 1.37 MeV. When the attractive 
app interaction is switched off, the 6 Be(0 + ) resonance 
energy becomes 1.18 MeV, which is still a bit lower than 
the observed value. This change of the calculated reso- 
nance energy from 0.79 to 1.18 MeV makes the B\ value 
smaller by only 30 keV. Thus, the change of the Ba value 
is considered to be so small, even if the app interaction 
is adjusted so as to just reproduce the value 1.37 MeV. 

In the A He case, the CSB interaction between the 
A and two valence neutrons works repulsively and the 
ground-state binding energy becomes Ba = 5.16 MeV, 
less bound by 0.2 MeV, than the value without the CSB 
effect. Though there is no data for A He at present, the 
Ba of A He will be obtained soon by the (e, e'K + ) reac- 
tion experiment done at JLAB. It is interesting to know 
whether or not the CSB effect in A He is consistent with 
the emulsion data for BA^Be). 



B. CSB effects in A = 8 cluster models 

Let us study another sets of two mirror hypernuclei, 
A Li and A Be, in the p-shell region within the framework 
of the atA and a 3 HeA cluster models. 

The experimental values of Ba from the emulsion 
data are 6.80 ± 0.03 MeV and 6.84 ± 0.05 MeV for 
A Li and A Be, respectively. Thus, the energy difference 

AB {8) = £ A ( A Be) -S A ( A Li) is 0.04 MeV, which is much 

smaller than the experimental value A-B^ = -Ba(aHc) 
-Ba(aH)=0.35 MeV. It has been pointed out @ that 
due to the strong Coulomb force in A — 8 hypernuclei, 

A£? A seems small and hence charge symmetry break- 
ing effect seems small. It is interesting to see how much 
AB A is obtained in an actual microscopic calculation 
by introducing the phenomenological CSB interaction. 

In our previous work 0], the cluster model calcula- 
tions were performed for these hypernuclei with use of the 
charge symmetric a-t( 3 He), A-a and A-i( 3 He) interac- 
tions adjusted so as to reproduce the experimental value 
6.80 MeV for A Li. Then, the obtained value of Ba was 
6.72 MeV for A Be, where the difference from the value for 
A Li was only due to the difference of the Coulomb-force 
contributions. 

In order to see the effect of the CSB interaction, 
we repeated the energy level calculations employing the 
present interactions given in the section Hm When only 
the CS parts of AN interactions are used, the calculated 
values of B A ( A ^) and B A { 8 A Be) are 6.80 and 6.84 MeV, 
respectively. Here these CS parts are slightly modified 
from that in Ref.[l8[ so as to reproduce well the exper- 
imental value of £?A( A Li) finally. Switching on the CSB 
parts, the calculated values of Ba become 6.74 and 6.90 
MeV for A Li and A Be, respectively, Then, the calculated 

value of AB {8) = B A ( A Be) ~Ba{ 8 a U) is 0.16 MeV. Thus, 
the use of the CSB interaction determined in the A = 4 
systems leads to a larger value of AB A in comparison 
with the experimental value of 0.04 MeV. In order to 



reproduce the experimental value of AB A , here, let us 
have a try to introduce an odd-state CSB interaction phc- 
nomenologically, whose contributions in the A = 4 sys- 
tems are negligible: We found that the experimental val- 
ues of Ba for A Li and A Be can be reproduced by adding 
a rather long-ranged odd-state interaction with the op- 
posite sign of the even state CSB interaction described 
in Eq.(3.5). The Ba values of A Li and A Be calculated 
with both even-state and odd-state CSB interactions are 
6.81 MeV and 6.83 MeV, respectively, which are in good 
agreement with the data. 

The present framework for the A — 8 iso-multiplet 
systems has a sort of limitation in the sense that the 
£( 3 He) cluster is assumed to have 3 nucleons of the same 
size of those in a. However, the results for both systems 
of A = 7 and 8 are qualitatively consistent with each 
other, and the odd state of the CSB interaction are found 
to have an opposite sign of the even state CSB interaction 
determined at A — 4 hypernuclei. 

In the near future, we expect to have the observed 
Ba of A He from the (e, e'K + ) reaction experiment done 
at JLAB. On the basis of the coming data, it might be 
possible to get information on the odd-state CBS interac- 
tions. Another example to clarify the even- and odd-state 
CSB interactions is to study A °Be with an aaNA four- 
body model. This four-body calculation is in progress. 
Also, we hope to observe the Ba of this hypernucleus by 
10 B(e, e'^+) A °Be at JLAB in the future. 



VI. SUMMARY 

We have studied the structures of the T — 1 triplet 
hypernuclei ( A He, A Li and A Be) within the framework 
oia + A + N + N four-body model. In the previous 
paper this four-body model proved to work successfully 
in the detailed analysis of the T = energy levels of A Li 
which are best known through the high-resolution 7-ray 
measurements. The present framework is also a natural 
extension of the previous calculations performed with the 
A He+N + N three-body model in which the A particle 
motion was confined to form the A He ground state. 
The major conclusions are summarized as follows: 
(1) On the basis of reasonable ap(n), apn, aA and NA 
interactions, which well describe the binding energies of 
all sub-cluster units (apn, aA and NA), we have made 
extensive and successful structure analyses for the T = 1 
states of A = 7 iso-triplet hypernuclei. One of the non- 
trivial and important outcomes is that the observed Ba 
value of the T = 1 1/2+ state in A Li is reproduced nicely 
with the use of the aA and AA^ interactions determined 
in T — states of A Li. Also the BaCa^) observed in 
emulsion is reproduced well, though there still remains 
a problem that the unbound 6 Be + state is calculated 
at a bit lower position in comparison with the observed 
resonance energy. The A binding energy for A He (J = 
1/2+), which has not been observed so far, is calculated 
to be around 5.16—5.36 MeV (with or without the CSB 
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interaction). This result will be tested when the result of 
the 7 Li(e, e'K + ) 7 A He experiment comes from JLAB. 

(2) As one of the purposes of the extended calculations, 
we have carefully tested whether the 3/2+ and 5/2+ spin- 
doublet excited states ( Si/ 2 A coupled to the 2+ excited 
core) are bound or not, since they were calculated pre- 
viously to be just above the nuclcon breakup threshold 
(weakly unbound) as a result of the limited three-body 
model of ^He+N+N. It is interesting to see the gluelike 
role of the A particle carefully when it is added to the 
core nuclei having a nucleon halo structure as concerned 
here. In this paper the four-body calculation, which al- 
lows free motion of A, gives a clear prediction that the 
excited spin-doublet states in A He ( A Li) become bound, 
respectively, at 1.3 MeV (0.3 MeV) below than the lowest 
nucleon- breakup threshold A He -I- n ( A He + p). The en- 
ergy splitting between these T = 1 doublet states comes 
from the spin-spin and spin-orbit interactions, which is 
calculated to be around 0.1 MeV. If any coincidence ex- 
periment is available and the energy resolution is good 
enough to resolve the 0.1 MeV splitting, one would have 
a chance of extracting information on the spin-dependent 
interactions. In A Be, however, we do not expect to get 
the corresponding bound excited states. 

(3) It is interesting to get the three-layer structure of 
the matter distributions in the T = 1 iso-triplet hyper- 
nuclear states, which consist of the A particle coupled 
to the nuclear core having neutron or proton halo. The 
typical numbers of the r.m.s. radii for the A He(J=5/2 + ), 
A Li*(J=5/2+) and A Bc(J=l/2+) states are calculated to 
be f a = 1.4 fm for innermost a, f Q _ A = 2.8 fm for the 
A distribution, and r Q _„ = 3.8 fm for the outermost va- 
lence nucleon distribution. 

(4) The charge symmetry breaking effects in light p- 
shell hypernuclei have been investigated quantitatively 
for the first time on the basis of the phenomenological 
CSB interaction which describe the experimental energy 
difference between £? A ( A H) and B A ( A He). Here we found 
that the inclusion of this CSB interaction gives rise to 
push up the A He energy by 0.20 MeV, but it pushes 
down the A Bc energy by 0.20 MeV. In A Li*, the level 
energies remain unchanged by adding the CSB interac- 
tion because of cancellation between contribution of va- 
lence proton and neutron on a. Comparing the calcu- 



lated value of £> A ( A Be) with the emulsion data, it seems 
that the CSB interaction makes the agreement worse. 
In the case of A Be, however, there remains a problem 
of treating the unbound 6 Bc core within our framework. 
The CSB effect is expected to appear more clearly in the 
coming data of A He, whose core nucleus 6 He is a bound 
system. Next, we have tried to explain the binding energy 
difference of T — 1/2 iso-doublet A = 8 hypernuclei ( A Li, 
A Be), adopting the phenomenological three-body models 
of a + t + A and a + 3 He + A, respectively. The energy 
difference between A Li and A Be, obtained in emulsion, 
cannot be reproduced accurately with use of our CSB 
interaction. Thus, our analyses for p-shell hypernuclei 
demonstrate that the CSB interaction determined in the 
A H and A He doublet is not necessarily consistent with the 
experimental Ba values of A Be, A Li and A Be in emulsion. 

(5) As a trial, we have introduced the odd-state com- 
ponent of the CSB interaction, which is of a longer range 
than the even-state one. In order to reproduce the exper- 
imental data of A Li and A Be, it is found to be necessary 
that the sign of the odd-state part is opposite with re- 
spect to that of the even part. It is likely that such an 
odd-state CSB interaction plays some role in the above 
A = 7 four-body systems. 

It is known that the CSB are generated essentially by 
the mass difference within the E-multiplct mixed, and the 
A — S° mixing in the meson-theoretical model. Thus, 
in order to get a firm conclusion on this matter, it is 
necessary to perform four-body calculation of A = 4 A 
hypernuclei and A — 7 A hypernuclei taking NNNA and 
NNNY, and aANN and aSJVJV, respectively. These 
types of calculation are in progress. 
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